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Abstract

Short-fiber reinforced composites are made from keratin fibers obtained from poultry feathers and polyethylenes of varying crystallinity.
The chemical nature of the polymer and fiber is kept constant and the molecular architecture of the polymer is varied. It is found that low
crystallinity polyethylenes are reinforced by keratin fibers but high crystallinity polyethylenes are not. The keratin fibers inhibit crystallinity
in low crystallinity polyethylenes but enhance crystallinity in high crystallinity polyethylenes. Microscopy shows increased adhesion
between the fibers and the polymer for the more amorphous polyethylenes. A model is presented that describes composite properties as a

function of fiber properties and matrix crystallinity.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

There has been much recent work devoted to the use of
agricultural fibers, particularly cellulosic fibers derived
from plants, in the reinforcement of commodity thermo-
plastics such as polyethylene (PE) [1-3] and polypropylene
(PP) [4-7]. Agricultural fibers are interesting materials to
use for the reinforcement of polymers because they are
usually of lower density than inorganic fibers, environmen-
tally friendly, and relatively easy to obtain [8]. It is
anticipated that the fibers would not contribute to the wear
of polymer processing equipment and may not suffer from
size reduction during processing, both of which occur when
inorganic fibers or fillers are used. Although the absolute
property increase when using organic fibers is not
anticipated to be nearly as high as inorganic fibers, the
specific properties are anticipated to be high owing to the
much lower density of the organic fibers [4].

Commodity thermoplastics like polyethylene and poly-
propylene are semi-crystalline materials. Both materials
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have glass-transition temperatures (7)) much less than room
temperature and crystalline melting temperatures (7,,) much
higher than room temperature. At room temperature, there is
a crystalline fraction that can bear load and an amorphous
fraction that is mobile and adds ‘toughness’. Therefore,
semi-crystalline polymers have a range of properties
depending on the amount of crystallinity. These properties
can be further enhanced through the use of fibers or fillers.

The key to successful enhancement of polymers with fibers
of higher modulus or strength is to achieve good polymer/fiber
interaction [9]. During processing in the melt state, the molten
polymer should spread over and adhere to the fiber creating a
strong adhesive bond. However, for this to happen there must
be chemical compatibility between the fiber and polymer.
Cellulosic agricultural fibers and glass fibers are predomi-
nantly hydrophilic in chemical nature. This makes them
chemically incompatible with the hydrophobic polyethylene
or polypropylene. Therefore, a ‘coupling agent’, must be used
to increase interactions between the fiber and polymer
[2,8,10-12]. Feather keratin, a protein fiber, has about 60%
hydrophobic amino acids in the amino acid sequence, with the
balance being hydrophilic amino acids [13]. So it can be
expected that there will be some compatibility between
polyethylene or polypropylene and feather keratin fibers.
Agricultural fibers are polymeric and therefore it is possible to
graft polymers to the surface of the fibers through suitable
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interactions, such as grafting methyl methacrylate to keratin
fibers derived from chicken feathers [14] or wool [15].
Recently, Bullions et al. [16] used maleic anhydride-modified
PP to increase PP/keratin feather fiber interactions.

When using semi-crystalline polymers as the matrix material
for short-fiber reinforced composites, a ‘trans-crystalline’ layer
may develop at the fiber/polymer interface [11,17]. The fiber
surface serves as a nucleation site for polymer crystals and the
crystals that form at the fiber surface are different from
the crystals formed in the bulk polymer. This means that the
polymer volume immediately surrounding the fibers has
properties different from the bulk polymer. The trans-crystal-
linity can be affected by fiber type, shear deformation at the
fiber/polymer interface, and the cooling rate after processing.
The cooling rate after processing has been studied recently for
carbon fibers in polyether ether ketone (PEEK) [18] and for
cellulose fibers in PP [11,19]. If the volume fraction of fibers, ¢,
is high, the trans-crystalline region becomes the bulk and the
matrix properties are dominated by the properties of the trans-
crystalline material [20-22].

In this paper, keratin feather fiber of 0.1 cm length is
incorporated into polyethylenes of varying crystallinity at a
constant 20 wt% fiber loading. In addition, the fiber loading is
varied and the polymer matrix kept constant to show the effect
on composite matrix crystallinity. The properties are assessed
and described as a function of polymer crystallinity to note
how much appliedloadis carried by the crystals and how much
is carried by the fibers. Scanning electron micrographs of the
fracture surfaces denote fiber/polymer interactions and fiber
orientation. Thermal analysis shows crystallinity differences
in the trans-crystalline layer and the bulk.

2. Experimental

2.1. Keratin feather fiber

Keratin feather fiber is obtained from Featherfiber®
Corporation (Nixa, MO) using a process patented by the
USDA [23]. The feather fiber is semi-crystalline and has a
constant diameter of approximately 5 um and a density of
0.89 g/cm® [24]. More detailed description of feather fiber
can be found elsewhere [25-27].

Fibers of 0.1 cm length are made by grinding feather
fiber using a Retsch ZM 1000 centrifugal grinder. The
rotational velocity of the instrument is 15,000 rpm and
contains a torque feedback so as to not feed in too much
material and overload the motor. The fiber is fed slowly to
avoid motor overload and to minimize frictional heating of
the instrument and the fiber.

2.2. Composite preparation

The polymer matrix materials are all commercially
available polyethylenes. The properties of the polyethylenes

Table 1
PE samples and properties

PE Source M, M,/M, MFI Pp
(g/mol) (/10 min  (g/cm®)
at 190 °C)

LDPE LD133A  Dow N/A N/A 0.22 0.923
LLDPE 2045 Dow 110,000 3.77 1.00 0.920
LLDPE 2037 Dow N/A N/A 2.50 0.934
HDPE BP 171,100 27.6 0.20 0.954
HD5502SA

HDPE HD7760  Exxon  N/A N/A 0.06 0.952

are listed in Table 1. Composites are prepared by first
adding PE into a Brabender mixing head set at 150 °C and
rotating at 50 rpm. Immediately after adding PE, 20 wt%
(weight percent) feather fiber is added into the mixing head.
The total sample weight of each composite is 40 g, which
represents a degree of fill of 70% of the total volume of the
mixing head. The melt temperature is monitored indepen-
dently. The polymer controls all achieve melt temperatures
of ca. 170°C and the composites all achieve melt
temperatures of ca. 185 °C. The total mixing time for each
sample is 15 min.

Following mixing, each sample is sandwiched between
Teflon-coated aluminum foil and pressed into three thin
sheets in a Carver Press Autofour/30 Model 4394 at 160 °C,
133,446 N for 18 s. The film is then removed and cooled
under an aluminum block until it reaches room temperature.
After pressing, each thin film is inspected to note feather
fiber dispersion. Previous work shows that pressing does not
affect fiber dispersion [24,27]. Good dispersion is observed
in all cases.

To prepare samples for testing, the three thin sheets are
cut into quarters, stacked on top of each other, sandwiched
between Teflon-coated aluminum foil, and pressed in the
Carver Press at 160 °C and 8896 N for 2-3 min. After
pressing, the films are air cooled until they reach room
temperature. This results in plates approximately 0.3 cm in
thickness. Type IV dogbone samples for testing according to
ASTM D638 are machined from the plates.

To study the effect of thermal processing on the
composites and polymers, two of the polymers, a low
crystallinity (LD133A) and a high crystallinity (HD7760)
PE are annealed after air cooling. Annealing is performed in
a convection oven for 24 h. After annealing, the oven is
turned off and the sample allowed to cool to room
temperature, which takes about 3 hours. Both HD7760 and
LDI133A are annealed at a temperature of 0.99 T,,. This
allows the most change to the microstructure over a given
period of time without re-melting the molded plates as
annealing proceeds.

2.3. Composite testing

Composite samples are allowed to sit at ambient
conditions for 1 week before testing. Uniaxial tensile
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testing is performed using a Com-Ten Industries 95 RC Test
System. The applied test speed is 2.5 cm/min. Four samples
of each composite are tested. Elastic modulus, E, and peak
stress, o, i.e. the maximum stress value of the stress—strain
curve, are reported.

2.4. Thermal analysis

The thermal properties of the polymers and composites
are assessed using differential scanning calorimetry (DSC).
A TA Instruments DSC 910s is used according to the
procedures outlined in ASTM D3417 and D3418. Sample
sizes of ca. 5 mg are used in a N, atmosphere. The first
heating cycle proceeds from 30 to 200 °C at 10 °C/min. The
first heating cycle is followed by a cooling cycle from 200
back down to 20 °C. The cooling rate cannot be controlled.
The heater simply shuts off and the DSC cell cools to 30 °C.
Although there may be some variation in the cooling step
from sample to sample, the room temperature was always
the same (20 °C) so it is assumed that the cooling steps are
similar. A second heating cycle then proceeds from 30 to
200 °C. Peak assignments and areas are determined
according to the ASTM procedures. Each sample is run
three times and accuracy of the melting temperatures is
found to be within 0.4%, i.e. a few tenths of a degree.

The first heating cycle yields information about the state
of the polymer as a function of processing conditions,
therefore, these results are reported henceforth. The heat of
fusion of the first heating cycle, AQ,,;, and the melting
temperature during the first heating cycle, T,,;, are
determined. The crystalline fraction of each polymer and
composite is determined from the DSC results using

— AQm,l
AQ¢(1 — my)

where AQy is the theoretical heat of fusion of 100%

crystalline PE, AQ;=290J/g [28], and m; is the mass

fraction of fiber. Joseph et al. [11] determined the crystal-
linity of polypropylene composites in a similar manner.

X (D

3. Results and discussion

3.1. Thermal properties of polymers and composites

For brevity, the DSC results of LD133A and HD7760 are
presented as examples of ‘low crystallinity’ and ‘high
crystallinity’ behavior, respectively. Table 2 contains Ty, 3
and X for each polymer and composite. Fig. 1 shows the first
heating cycle for LD133A polymer and 20 wt% 0.1 cm fiber
composite. In general, the presence of the fibers affects the
state of crystallinity in the PE matrix. For LD133A, it is
observed that T, ; of the composite is lower than T, ; of the
polymer. In addition, a second smaller melting peak appears
at about 140 °C. This would indicate that there are two
populations of LDPE crystals in the polymer composite after

Table 2
Results of DSC first heating cycle

PE Tm,l Xl POl Tm,l (OC) Xl comp Pm
(C)pol  (X1p)  comp Xim) (gfem’)

LDPE LD133A 113 0.45 112 0.37 0.911
LLDPE 2045 123 0.44 123 0.39 0.914
LLDPE 2037 128 0.52 127 0.57 0.940
HDPE HD5502SA 132 0.69 131 0.71 0.972
HD7760 132 0.71 130 0.77 0.963
LDI133A-a 114 0.44 114 0.44 0.922
HD7760-a 135 0.72 135 0.82 0.980

processing. Upon cooling and going through the second
DSC heating cycle, the smaller melting peak at ca. 140 °C
disappears, i.e. the bimodal crystal distribution disappears.

To investigate the smaller, higher temperature 7, ; peak
(referred to as T}, ) of the LDPE composites further, DSC is
performed on 0.1 cm fiber composites as a function of fiber
mass fraction, m;. The composites of variable myg are
prepared the same way as the 20 wt% composites. Fig. 2
shows the evolution of the Ty, peak as a function of
increasing fiber content. Plotted are the values of T}, and
AGY, ; as a function of fiber mass fraction. As fiber fraction
increases, so does the peak area and position. Meanwhile,
the larger T;,; peak remains relatively unchanged with
increasing myg. This indicates that the overall amount of
crystallinity is increasing in the LD133A composites as the
fiber content increases. The composites have a population of
larger crystals residing closer to the fibers as indicated by
the T}, ; peak results. The number of larger crystals closer to
the fibers is increasing with fiber content.

Fig. 3 shows the DSC results for the first heating cycle of
HD7760 and the 20 wt% 0.1 cm fiber composite. Again, the
composite has a lower T, ; than the polymer. In the case of
HD7760, there is no indication that a second population of
crystals exists, as there is no second peak in the composite
DSC. Table 2 shows that T}, ; of the composites, except for
LLDPE 2045, is lower than T}, ; of the polymer. The general
trend would indicate that the polymer matrices in the
composites have thinner, easier melting crystals than the
bulk polymers when processed in a similar manner [22].
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Fig. 1. DSC first heating curve for LD133A and 20 wt% composite.
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Fig. 2. Change in T}, | peak of LD133A composites with increased fiber
mass fraction, my. Melting temperature, Ty, and area under curve, AQ,, are
shown.

What is interesting about the crystalline fraction, X, data
in Table 2 is that the addition of fibers suppresses crystal-
linity in the two lowest density PE’s but enhances crystal-
linity in the higher density PE’s. The density values of
LD133A and LLDPE 2045 infer more branching in these
polymers over the other PE’s. Joseph et al. [11] see an
increase in the crystallinity of PP with addition of sisal fibers
and explain this as extra nucleating surfaces for PP crystals.
These researchers also note the increase of crystallinity with
increased fiber weight fraction. The results presented here
show that having increased surface area for crystal
nucleation, i.e. adding fibers, is not enough to enhance
crystallinity. PP is a linear chain and is highly crystalline so
it would be analogous to the higher crystallinity or density
samples used in the current study. What this shows is that the
architecture of the chain affects the interaction of the
polymer with the fiber, even though all of the polymers have
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Fig. 3. DSC first heating curve for HD7760 and 20 wt% composite.

the same chemical composition of polyethylene. A transition
seems to occur at around X; ~ 0.5, where the presence of the
fibers no longer suppresses crystallinity but enhances it.

3.2. Effect of annealing on polymer crystallinity

Fig. 4 shows the DSC first heating curves for LD133A
and HD7760 after annealing for 24 h at 0.99 T,,. Table 2
also contains the 7}, ; and X, values, labeled as LD133A-a
and HD7760-a. Annealing LD133A composite samples
increases the crystallinity of the polymer matrix back to the
value of the pure polymer. The melting temperature of the
polymer and composite matrix also increases. Although
crystallinity is inhibited in the LD133A sample with the
addition of fibers, it can be recovered through annealing.
Annealing does not seem to appreciably change the fraction
of overall crystallinity for HD7760 but it does increase the
melting point significantly. For the HD77560 composite, the
melting point and fraction of crystallinity increase.

Annealing seems to significantly affect the shape of the
DSC curve through the first heating cycle, i.e. the state of
crystallinity is markedly changed. On the first heating, the
un-annealed sample has a wide peak. The annealed sample
has a narrower peak that is deeper. A second lower
temperature peak begins to appear that is much smaller in
area. It would seem that the un-annealed sample has a
distribution of crystal sizes and this is the origin of the
wider, shallower peak. Annealing allows the crystals an
opportunity to perfect themselves and grow. This narrows
the crystal size distribution and, in fact, two narrow
populations of crystals arise, each corresponding to a
melting peak. There is a large population of similarly
sized crystals at the higher melting temperature and a very
small population of similarly sized crystals at the lower
melting temperature. Xie et al. [29] observe similar
behavior when annealing HDPE and LDPE and term this
‘thermal fractionation’. Different sized crystals are related
to different packings among chain segments. Analysis of the
second heating cycle shows that the small lower temperature
peak disappears. The melting peak of the second heating
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Fig. 4. Effect of annealing on LD133A and HD7760 polymers and
composites as shown by DSC first heating curve.
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Fig. 5. Elastic modulus, E, of polymers and composites plotted as a function
of polymer crystallinity, X;.

cycle looks very similar to the melting peak of the
un-annealed sample so the first heating cycle returns the
annealed sample back to its original crystalline state.

3.3. Effect of polymer crystallinity on properties

Figs. 5 and 6 show the physical properties of the
polymers and composites as a function of polymer matrix
crystallinity after the first heating cycle, X;. X; represents
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Fig. 6. Peak stress, a;, of polymers and composites plotted as a function of
polymer crystallinity, X;.

the state of crystallinity following processing and the solid-
state properties depend on this parameter. The individual
samples can be identified by cross-referencing the X, values
in Figs. 5 and 6 with Table 2. Fig. 5 shows that E increases
with polymer crystallinity up to about X; ~0.5, when the
properties of the polymer and composite are comparable for
a given value of X;. In Fig. 6, the peak stress, o, follows a
similar trend. However, at X; > 0.5, o, of the composites can
be lower than that of the polymers.

Above X ~0.5, the fibers enhance polymer crystallinity
in the composites. For a given crystallinity value, the
modulus of the polymers is comparable to the modulus of
the composites, even though the composites have more
crystallinity and a fiber phase. Above X;~0.5, the peak
stress of the polymers appears to be higher than the
composites, even though the composites have more crystal-
linity in the matrix phase and a fiber phase. This would
indicate that there is minimal fiber/polymer interaction for
the highly crystalline polymers. Fig. 7(a) and (b) show SEM
micrographs of the LD133A and HD7760 tensile bar
fracture surfaces, respectively. LD133A adheres to the
keratin fiber while there is a void around the keratin fibers in
the HD7760 composites. It appears that the high crystal-
linity causes the polymer to contract off of the fiber surface

Fig. 7. Scanning electron micrograph of: (a) LD133A/20 wt% 0.1 cm
feather fiber composite and (b) HD7760/20 wt% 0.1 cm feather fiber
composite.
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upon cooling from the melt. There does not appear to be an
issue of wetting because LD133A and HD5502SA have
similar MFI values, which would imply similar viscosities,
and therefore would wet the fibers similarly at the same
temperature. LLDPE 2037 has the highest MFI and
therefore the lowest viscosity but still does not benefit
from reinforcement from the fibers and this polymer would
be expected to wet the fibers the best. Chemical compat-
ibility is not an issue because all of the polymers are PE and
all of the fibers are the same keratin fiber.

Below a crystallinity value of about X; ~0.5, the fibers
significantly increase E and o,. For the composites in the
region X;<0.5, the fibers inhibit crystallinity but the
modulus and peak stress are still much higher than
the higher crystallinity pure polymers. So the fibers carry
applied load. Annealing the lower crystallinity PE’s restores
not only the crystallinity, but the properties of the annealed
samples are increased over the un-annealed samples.
Annealing at 2-10°C below the melting point of the
polymer has proven to be an effective method to increase
polymer physical properties [29].

3.4. Modeling composite properties as a function
of matrix crystallinity

The physical properties of semi-crystalline polymers
reinforced with fibers are derived from both the crystallinity
in the matrix phase, the intrinsic physical properties of the
fibers, and the interaction between the polymer and fiber.
The crystallinity in the matrix phase depends on the
processing method and the presence of fibers. Therefore, a
micromechanical model that more appropriately describes
the contribution from the crystallinity and how the crystal-
linity is affected by the presence of fibers is developed.

Beginning with the crystallinity of the pure polymer, X;
(mg=0in Eq. (1)), and the composite matrix, X, ;, (m¢# 0 in
Eqg. (1)), obtained from DSC, the density of the composite
matrix, pn,, can be found from

Xim , 1= Xim\ ™'
P = ( - +—"‘“) @)
Pe Pa

where p.=1.0111 g/em® and p,=0.8621 g/lcm® are the
densities of 100% crystalline and amorphous PE, respect-
ively [30]. Coincidentally, using X, ;, in Eq. (2) to compute
the polymer density gives values very close to the densities
of the PE’s reported by the manufacturers and listed in
Table 1. The volume fraction of fiber, ¢¢, can be found from

Prm
bt = 3)

where m,, is the mass fraction matrix and p; is the fiber
density of 0.89 g/cm® [24]. To predict the composite
properties as a function of matrix crystallinity and volume
fraction fiber, a ‘rule of mixtures’ model is used based on

volume fraction of fiber and matrix, ¢¢+ ¢, =1
Ec = k¢fEf + ¢mEm (4)

where f denotes fiber, m denotes matrix and k is a fitting
parameter that describes fiber aspect ratio, orientation of the
fibers relative to the loading direction, and fiber/polymer
adhesion in the solid state. All of the fibers used are the same
dimensions and the composites are all processed the same
way so k is only a function of fiber/polymer adhesion in the
solid state. The modulus value used for the fibers, Ef, is 5 GPa
[24]. From the thermal properties studyi, it is already known
that if the pure polymer modulus, E,,, is used for the value of
E,, it will not be accurate because the presence of the fibers
changes the polymer matrix crystallinity and, therefore, the
properties. Upon crystallizing from the melt, a new crystal-
linity state is reached that changes the matrix modulus from
E, to Ey,. Ey, is found from E;, and the DSC data by using

En =E, {—} )

which can then be inserted into Eq. (4) along with values for
¢robtained from X ,, and my. Similarly, the peak stress of the
composite, o, can be found by inserting the stress values
into Eqgs. (4) and (5) with a fiber tensile stress value of
or=200 MPa used [24]. The lines in Figs. 5 and 6 show the
composite properties prediction using this approach. In
Fig. 8, the k values used are plotted as a function of the
composite matrix crystalline fraction, X; ,,. Fig. 8 shows that
the more matrix crystallinity, the less polymer adhesion to
the fibers in the solid state. In addition, the peak stress is a
stronger indicator of polymer/fiber adhesion than the
modulus. Although the ¢, curve is fit to a first order
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Fig. 8. Adhesion parameter, k, plotted as a function of polymer composite
matrix crystallinity, X; ;.
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polynomial, there is a large drop in k at around X; ,,~0.5,
concurrent with the physical and thermal property data.

4. Conclusions

In this paper, fiber/polymer physical interactions are
studied by varying polymer chain architecture and compo-
site processing conditions. These physical interactions
occur in the melt state and reflect a change in crystallinity
upon cooling from the melt. The physical interactions also
occur in the solid state and manifest as a change in the
adhesion of the polymer to the fiber. The chemical nature of
the polymers remains constant and, therefore, chemical
interaction between the polymers and fibers is constant. It is
found that polyethylenes with a crystalline fraction less than
about 0.5 adsorb onto keratin feather fibers and remain
adsorbed after melt processing and through subsequent
cooling. The strong fiber/polymer interactions show that the
low crystallinity polyethylenes are reinforced by the keratin
feather fibers. In contrast, high crystallinity polyethylenes,
i.e. with crystalline fraction greater than about 0.5, are not
reinforced by keratin feather fiber. Although there may be
interaction between the polymer chains and fibers during
processing in the melt state, these interactions are not strong
or do not persist upon cooling from the melt. This may show
a method to compatibilize fiber composites through a
physical, rather than chemical, i.e. coupling agent, mech-
anism by controlling the processing [18] to induce lower
crystallinity around the fibers or by treating the fibers with a
lower crystallinity polymer.
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